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PREFACE .
This report was prepared by Bolt Beranek and Newman, Inc. under U.S. Army |
Contract DAAK03-74-C-0193. The work was carried out under the direction of project
managers Dr. Constantin J. Monego and Dr. Earl C. Steeves of the U.S. Army Natick
Research and Development Command (MARADCOM). NARADCOM has also been known
as the “US Army Natick Laboratories” (NLABS) and ““US Army Natick Development
Center (NDC).
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FINITE — ELEMENT ANALYSIS OF SCALE-MODEL FRAME-SUPPORTED TENTS
1. INTRODUCTION

One type of shelter used extensively in Army field operations is the frame-supported
tent, which is essentially a metal frame with one or more layers of fabric attached to
it. This type of shelter has many attractiva features; it is light, easily transported, and
easily erected, and it provides a reasonably secure shelter from the weather. However,
until recently, nc analysis existed of the behavior of frame-supported tents under static
loads such as snow loadings. Although present tent designs are adequate in many ways,
such load-response information will assist in the design of future frame-supported tents
that will be lighter and more efficient. To obtain this load-response information, the
Army initiated a program in which a computer code, NONFESA (Nonlinear Finite-Element
Structural Analysis) was developed to predict the stresses and deflections in typical
segments of frame-supported tents under static loads. As reported by Remington et al' ®,
the code was verified through comparison of the predictions with measurements on
simplified segments of model frame-supported tents.

This report describes a continuation of the NONFESA program that focuses primarily
on extending the capabilities of the original finite-element computer code in order to
approach more closely the final goal: accurate prediction of the stresses and deflections
of both present- and future- gensration frame-supported tents. New input subroutines
have been developed, and the catalog of elements has been expanded.

Changes in NONFESA include:
The development of truss and guyline elements.

New input subroutines, which ease the input of initial fabric defiection due to
slack and allow for arbitrary fabric yarn orientation.

A new beam element with joint efficiencies, to allow for more realistic modeling
of frame-element inter-connections.

A new one-dimenaional strip fabric element that allows for slippage over other
flexible elements. (This is a first step in dealing with the problem of fabric
slippage over frame members in actual tents.)

*1payl J. Remington, John C. O'Callahan, and Richard Madded (1974). "Analysis of
Stresses and Deflections in Frame-Supported Tents,” U.S. Army Technical Report No.
76-31, prepared by BSolt Beranek and Newman Inc. under Contract No.

DAAG17-73C-0107.
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The first two changes — development of truss end guyiine elements and new input
subroutines — are user-oriented modifications. They are discussed in detail in the User’s
Marual.2® The second two changes — cea!l for more invoived revisions of the computer
code, and this report concentrates on these changes.

In Section 2, we discuss both the development of the mathematical model for the
beam elument with joint efficiencies and the companion experimental program, which
defined the parameters required by the mathematical model.>*® The joint efficiency
capabilities of the computer code are the subject of Section 3; they are compared with
measurements on the scale-model tents. Section 4 presents the development and testing
of the fabric strip finite element with slippage capability. Suggestions for future work
are presented in Section 5.

2. BEAM ELEMENT WITH JOINT EFFICIENCIES

The computer code presented in Reference 1 had the capability of modeling the
intcrconnection between frame elements as either pinned or rigid. In studies of deflections
of *he model tent frames undet load, it was found that this capability had to be expanded
to one dealing with a joint that was somewhere between pinned and rigid. In this section,
we descrike a beam element that has this capability and outline a number of laboratory
tests used to obtain the parameters required for the element in the mathematical model.

2.1 Element Description

The Beam finite element with joint efficiency capability is shown schematically in
Figure 2.1. The beam element between Nodes 3 and 4 is identical to that used in
Reference 1. This element al'cwed for bending deformations (with shear) in two
directions, torsional deformations, and extensional deformations. The joint efficiency
modifications consist of adding springs between Nodes 1 and 3 anc’ 4 and 2. These springs
allow for a change in the angle of rotation about the Z- and Y-axes beiween Nodes 1
and 3 and between Nodes 4 and 2. Any rotation about the X-axis or displacement in
the X-, Y-, or Z-directions occurring at Node 1 is measured at Node 3. A similar patterr:
occures for Nodes 2 and 4.

*2 John C. O’Callahan (1974). “NONFESA - A NONIlinear Finite Element Structural
Analysis Program for the Analysis of Stress and Deflections in Frame-Supported Tents,’’
BBN Report No. 2803. (User’s Manual)

*#30.C. Zienkiewicz. The Finite Element Method in Engineering (London, McGraw-Hill,
1971).
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Mathematicaliy, if we let the rotation about the Z-axis st Node 1 be ¢2¢ and about
Node 3 be ¢z3, the bending moment about the Z-axis spplied to the beam at Node 3
is given by

Mz3 = Kiz (821 ~ ¢z3)

where K> is the rotational spring constant. Similar relationships apply Tor rotation about
the Y-axis at this spring, and about the Y- and Z-axes for the spring connecting Nodes 2

and 4,

Through a procedure ihat is algebraically complicated but conceptually simple,
equation- relating the displacements and rotations at the 4 nodes to the forces and moments
at thes® nodes are simplified so that the displacements, rotations, forces, and moments
at Nodes 3 and 4 are eliminated; i.e., the degrees of freedorn at Nodes 3 and 4 are
condensed out. The resulting equations relating the forces and moments at Nodes 1 and 2
to the displacements and rotations at those nodes given the element stiffness matrix [K]
defined by

[ Fx ] [Ugx ]




where (K] Is a 12 x 12 matrix, F's are nodal forces, M's are nodal moments, U’s are
modal displacements, 0 is the angle of rotation about the beam axis, and ¢'s are rotations
anociated with bending about the Y- and Z-axes. {t shou't be noted that only those
terms In [K] associated with the beriding of the element are affected by the joint efficlency;
those associated with torsion or extension of the slement remain unchanged. Four new
parameters are required for the joint efficiencies in bending in the two orthogonal planes
at each end of the beam, nyz, nyy. N3z, and nyy. These joint efficincies may take
on values from O to 1 and are defined by

KijL/2(El);
T+ KjjL/2(ED);

nij =

i = Y

i = 1.2,
where L is the length of the beam element.
2.2 Joint Efficiency Laboratory Tests

In order to use the beam element with joint efficiency =bility described above,
we require some means of measuring or estimating the effic.isricy of a particular joint
configuration. In this section, we examine one means of doing this for the joint
configuration used in the scale-model tents described in Reference 1.

The existing scale-model tent frames use joints like those shown in Figure 2.2. The
slant-roof frame has roundheaded machine screws holding the joints. The arch-roof tent
uses a similar joint, except that the joint is held by a flat-head machine screw countersunk
in the beam. This type of joint was selected not because it is similar to the type of
joints used in real frame-supported tents but because it allows for easy assembly of the
frame and easy removal and attachment of the fabric.*

For the configurations shown in Figure 2.2, three joint efficiencies are required for
each tent frame:

1. bending of beam 1 in and perpendicular to the plane of the three beamns about beam
2 - 3,

2. bending of beam 2 — 3 about the machine screw clearance hole in the plane of
the beams, and

*These model tent frame joints are somewhat different from those used in full-scale tert
frames. However, capabilities develoned in properly modeling these small-scale tent frame
joints could be readily extended to full-scale tent frame joints.
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3. bending of beam 2 — 3 about the machine screw clearance hole perpendicular to
the plane of the beams.

We discuss the means for, and the results of, measuring these joint efficiencies on the
joints from both tent frames below.

Joint Efficiency (No. 1)

The apparatus for the measurement of the first joint efficiency described above is
sketched in Figure 2.3. The crosshatched region shows the fixture for holding the test
specimen. The test specimen consists of a long horizontal beam of length L,, attached
to two short upright beams of length L,, by means of the bolted joints of Figure 2.2.
We now describe how, by applying a point load to the center of the horizontal beam
and measuring the deflection, we can derive the joint efficiencies of the bolted joints.

The efficiency of the connection between the upright beams and the holding fixture
(simply a bolt pressing the upright beam against a step in the fixture) is not known.
However, knowledge of the efficiency of those joints is not needed. |f these joints were
100% efficient (i.e., built in), and the bolted joint was also 100% efficient under a point
force F, then the deflection at the center of the horizontal beam becomes

3
5o _FL 4 28% ’ 2.1)
192E| L, +8L,

where E is Young’s modulus for the beam material, and | is the moment of inertia of
the beams, assuming thau all beams have the same cross section. For L, <<L,, § becomes
FL3/192E1, which is the deflection one would obtain if the ends of the horizontal beam
were built in. If the ends of the vertical beams are simply supported rather than built
in, then the deflection becomes

3
6 = FL' 4 — —————-24Ll R (2.2)
T92E Yy
3 &

which for L; << L, is the same as Eq. 2.1, implying that exact knowledge of the end
conditions of the vertical beams is not critical to predicting the center deflection of the
horizontal beam. |f the bolted joint between the vertical beams and the horizontal beams
is 0% efficient (i.e., pinned), the eflection at the center of the horizontal beam is given
by

13
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a factor of 4 larger than the 100% efficient joint. This implies that changes in joint
efficiency at the bolted joint will creste large changes in deflection, making it easy to
distinguish differences in the efficiencies of various joints.

Equations 2.1 and 2.2 show that for L, and L,, the upright beams act like rigid
walls. We can estimaie the effect of the efficiency of the bolted joints on the center
deflection of the horizontal beam under a point load by calculating the deflection of
a beam of length L, with torsional springs at each end of the beam attaching it to two
rigid walls (see Fig. 2.1). These springs have a stiffness, K, defined as described in Sec. 2.1.
The deflection at the center of this beem under a point force, F, is given hy

_ FL? _ 3
o Ts’eT(1 3, (2.3)

where is the joint efficiency given by (KL,/2El)/2EI)/1 + KL/2El).

With the fixture of Fig. 2.3, two specimens have been tested, one simulating the
joints and beams in the slant-roof tent uprights and horizontal beam 6.3-mm x 6.3-mm
(0.25-in. x 0.25-in.) with round-headed screws bolting them together, and one simulating
the joinis and beams of the arch-roof tent upright beam 8.9-mm x 5.1-mm (0.35-in. x
0.20-in.), horizontal beam 5.1-mm x 5.1-mm (0.20-in. x 0.20-in.), with a flat-head machine
screw countersunk in the uprights holding the beams together. The results, shown in
Figs. 24 and 2.5, are compared with the predictions of Eq. 2.3 for various joint
efficiencies. Figure 2.4 shows that as the torque in the bolts holding the beams together
in the slant-roof frame joint is increased, the joint efficiency increases to about 72%.
Additional torque increases yield no further increase in the joint efficiency. Also shown
are the results for the bolts turned down by hand until they felt appropriately tight.
Again, the joint efficiency is -72%.

Figure 2.5 shows similar results for the arch-roof frame joints. Those results show
that the joint is essentially 100% efficient for reasonable bolt torques {(0.22 mN; 2 in./ib).

Joint Efficiency About the Clearance Hole (No. 2 and No. 3)

The epparatus sketched in Figure 2.6 was used to quantify the reduction in beam
bending stiffness caused by the clearance holes drilled in the arch members of the model
tent frames. Taking straight beams 25.4 cm (~10 in.) long with the same cross section
as the arch members of the two model tent frames, we drilled a clearance hole in the
center (the arch-roof frame member was also ccuntersunk) to accept the machine screw

16
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used in the model tent frame joints. The appropriate machine screw was then inserted
in the hole and tightened down with a nut. The beams were then each placed on two
knife edges 26.4 cm (~10 in.) apart, a load was applied to the center, and the deflections
were measured. The beams ware then rotated n/2 radians sbout their axes and the
measurements repeated. [t is easy to show that the center deflections of the beams in
this configuration are given by

5= _FLY (_Z:!l) (2.4)
48E| n

where 7 is the joint efficiency, F, the load, L, the beam length, and E!, the bending
stiffness. Note that if n = 100% (1.0), Eq. 2.4 then gives the deflection of a simply
supported beam.

The predictions of Eq. 2.4 are compared with the measurements on the slant-roof
frame arch member with the clearance hole in Figure 2.7. For bending in either plane,
the presence of the clearance hole has negligible effect on the beam bending stiffness;
i.e., the efficiency is around 97%.

The arch-roof frame arch member with the clearance hole is compared with Eq. 2.4
predictions in Figure 2,8. For bending in either plane, the clearance hole has a negligible
effect on the beam bending stiffness, i.e., n > 92%.

3. SCALE-MODEL TENT TESTS

The improved techniques were incorporated into the computer code, and the code
predictions were compaied with measurements on the scale-model tents. The tents used
were the 1/8-scale-model slant-roof tent (tent maintenance sheiter) and arch-roof tent
{Fritche shelter}) described in detail in Reference 1. The tents were instrumented with
strain gauges in the frame and stress gauges on the fabric. In this section, we describe
the measurements and compare them with computer predictions.

3.1 Computer Description of the Tent Models

In order to model the scale-model tents, we require information on (1) frame geometry
material properties and joint efficiencies, and (2) fabric material properties and initial
geometry. All but the joint efficiencies were the same as described in Reference 1. The
arrangement and numbering sequence of elements and nodes used in the computer are
shown in Figures 3.1 and 3.2 for the slant- and arch-roof tents, respectively. Because
symmetry is utilized to simplify the computer modeling, only one-half of each tent is
shown. The joint efficiencies used in the computer code are given in Tables 3.1 and
3.2 for the slant- and arch-roof tents, respectively.
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F1G. 3.1. SLANT-ROOF TENT COMPUTER MODEL.
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ARCH-ROOF FRAME COMPUTER MODEL.
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TABLE 3.1. SLANT-ROOF FRAME JOINT EFFICIENCIES.
Joint Efficiency for Bending About
Line Normal t;q
Beam Global Y and
Element Node Global X Global Y Global Z Beam Axis
_ _ Nodes 2, 4, 5, 6, 9, 12, 16, 17 are all 100%
efficient fcr bending in all directions.
1 18 100 0 - -
1 - 97% 97% -
2 1 72% - 72% -
3 1 - 100% - 100%
3 - 97% - 97%
3 72% - 2% -
3 - 100% - 100%
15 - 97% - 97%
10 15 100% - 100% -
12 15 97% 97 % - -
19 100% 0 - -

i

&

e g L

— oA m.'uﬁ.u'bw o

4
>

i ke e e s M

o il

i




WA T

T U N [ SO o

S il e

P A

g Sl

TABLE 3.2. ARCH-ROOF FRAME JOINT EFFICIENCIES.
Joint tffir’ancy For
Bending About
Tangent
Beam Global Global Global Arch To
Element Node X Y z Radius Arch
Nodes 3, 6, 9, 10, 11, 12, 20,
25, 26, 27, and 30 are all 100%
efficient for berding in all di-
rections.
1 1 100 I 0 = = -
2 92 9l = - -
2 2 100 - 100 - -
3 2 100 - 100 - -
- 9l - 92 -
by by - 100 - 100 -
5 - 94 = 92 -
5 5 - - - 100 100
6 5 - 100 = 100 -
7 - ol - 92 =
7 7 - 100 - 100 -
8 = 94 - 9?2 -
9 8 = = - 100 100
11 8 - 100 - 1u0 -
12 16 - 94 = 92 -
13 16 - 1C0 - 100 -
14 24 - 94 = 92 -
15 24 - - - 200 100
18 24 - 100 - 100 -
28 = oy = 92 -
19 28 - 100 - 100 -
29 - 94 - 92 -
d 29 100 - 100 = -
21 29 92 94 - - -
31 100 0 - = -
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3.2 Laboratory Instrumentation
Frame Strain Gauges

The model tent frames were equipped with strain gauges attached to important
load-bearing members. Strain gauges were located on all four surfaces of the beam and
oriented to measure strain in the direction of the beam axis. The gauges were wired
in pairs to balancing networks, so that gauges on opposite surfaces of a beam were
differenced; hence, they measure the strain caused solely by bending for easy comparison
with computer code output. Strain gauges in th2 slant-roof frame were located at Nodes 5,
9 and 17 (see Figure 3.1) and in the arch-roof frame at Nodes 11, 16, and 27 (see
Figure 3.2).

Fabric Stress Gauge

The fabric stress gauge used in Reference 1 was modified to accommodate the low
load levels expected in the present program. ... operation, the modified gauge proved
to be superior to the original fabric stress gauge. The modified gauge (Figure 3.3) was
attached to a piece of fabric by bolting it to two stainless steel buttons glued to the
fabric. Two stress gauges were used, one on top of the fabric and one below the fabric,
so that the load was carried symmetrically, thus preventing cocking of the gauge. Only
the top stress gauge was instrumented with strain gauges, however, as Figure 3.3 shows.
Load was transmitted from the lower beam (attached to one of the buttons on the fabric.
to the upper, instrumented beam by two 1-mil {(0.02-mm) strips of shim stock. The
stress gauye was so designed that when the fabric was stretched, the gauge essentially
carried ail the load; i.e., the gauge was much stiffer than the fabric between th2 two
buttons. The design also ensured that strains obtained at the strain gauge locations were
large enough so that a stable signal, well above background noise, would result for the
fabric stresses of interest.

The fabric stress gauge was mounted on the fabric in the model slant-roof tent at
Nodes 8, 10, and 11 and oriented to measure the stress in the direction perpendicular
to the ridge pole (i.e., parallel to the arch beams). In the arch-roof frame, the gauge
was mounted at Nodes 15 and 23 and oriented to measure the stress in the direction
paralle! to the purlins (i.e., perpendicular to the arch).

3.3 Comparison of Computer Predictions and Measurements on the Scale-Model Tents
The comparison of measured and predicted frame and fabric stresses and tent

deflections is shown in Figures 3.4 through 3.17. As a general rule, inclusion of the
joint efficiencies listed in Tables 3.1 and 3.2 resulted in significant changes in the predicted
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tent defiections but in minor changes in predicted frame and fabric stresses for the positions
shown. There is generaiiy excellent agresment between predictions and measurements
for the arch-roof tent. The major discrepancy occures in the side-to-side bending stress
(berding about the Z-axis) in the frame at Node 11 (see Figure 3.12). The exact cause
of this discrepancy is difficult to pinpoint; it is more than just a joint efficiency problem,
since the stress at the center of a simply supported beam would account only for a factor
of 2 over that for the same beam built in at both ends. It is also apparent, from
Figure 3.17, that there are some errors in fabric deflection. These errors ultimately result
in errors in the load (and the direction of the load) applied to the beam by the fabric,
which may account for the discrepancy.

The slant-roof tent predictions and measurements do not agree as well as those of
the arch-roof tent The difficulty appears to be primarily in the modeling of the loading.
As described in Reference 1, bags filled with lead shot* were laid on the mode! tent
fabric to simulate a snow load. Since the roof angle was large, i.e., ~45° from horizontal,
the bags tended to slide down the pitch of the roof, resulting in insufficient friction between
the bags and the model tent fabric. Numerous techniques to increase the friction (e.g.,
double-backed tape) were tried without much success. Eventually, a small portion of .
the bag (about 2 cm of~46 cm) was draped over the ridgepole; the remainder rested -
on the fabric. Clearly, this arrangement could not simulate exactly the uniform vertical ]
load applied to the computer model of the tent; i.e., the load applied in the plane of
the fabric and the load applied to the ridgepole are not properly simulated in the computer
by a uniform vertical load. It is believed that this is the source of the prediction errors.

4. FABRIC SLIPPAGE

In previous studies, we dealt with fabric-frame interaction in frame supported tents
as if the fabric were rigidly attached to the frame. In actual practice, however, it is
possible for the fabric to slide over the frame. In this section, we report on some
preliminary analysis and laboratory testing performed to determine whether it is feasible
to model fabric-frame interaction mathematically while allowing for fabric slippage.

4.1 Strip Finite Element With Slippage Capability

To model fabric slippage, we begin with a one-dimensional model of a strip of fabric,
i.e., a string. In this model, we will include nonlinear effects caused by large deflections
and moderate rotations, as we did with the membrane element in NONFESA (see
Reference 2). Figure 4.1 shows a 3-node string element with slippage capabilities.

*Each bag was divided into numerous small compartments to maintain a uniform
distribution of lead shot and, hence, of load.
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Slippage occurs at Node 2, where the string element contacts the frame. Wae assume
that there is no friction between the fabric strip and the frame member, $0 the resuitant
force amplitude at Node 1 is egual in magnitude to th: vesultart force amplitude at
Node 3.

With these assumptions in mind, vhe strain in the element can be written:

' Ay 2 [ 2|
€= _L_' ___au +l(...,_‘)v..\ + _iZZ, .@E.+_1(.a_y_> , 4.1)
L] ax* 2V\ox'/ L ]ox 2\dx
where u and v are displacements in the X and Y-directions of Figure 4.1, u' a:d V.

are displacements parallel and perpendicular to the 1.2 segement of the element, x' is
the direction parallel to the 1-2 segment, and L = L, + t,. Rewriting Eq. 4.1 as

S P ﬂ'_) w T, bt 1| @2)
L 2\ ox’ ox’ L 2 ox ax
ov' 2Xf [ *,
Lax J LaxJ
Defining the derivatives as
du'  _ up—u
ax’ L,
ov' - vy —V)
ox’ L,
e
ax L2
ov V3=V,
—— T —— 0 4.3
ox L, $it)

-

and noting that the geometry in Figure 4.1 and the definitions of u, v, u’, imply

u = u cosf! — v sinf
v. = u sinf - v cosb,
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we can relate the strains to the nodal displacements i the X- and Y-directions of
Figure 4.1 by

e=- 8Ty , (4.4)
L
where
o A
Uy
u;
Uy
U=
vy
V2
Vi
and L -
cosd — —; sind g‘)’(', |
1. o'
— + — s
{1+cosf) + 3 sind 37
B=1] 1
sind + -—;— cosd -g-‘)-:;—
—sind — 1 v 1 av (4.5)
sind 2 cosf e 2 3x
1 v
L2 ax J

Using Eq. 4.4 and the relationship between strain € and tension T in the cloth, i.e.,
T = AEe, we can write the element stiffness matrix [K] as:

K] = E2& gl (4.6)

where A is the cross-sectional area of the strip, E is the modulus of elasticity,
L=1L, +L,;, and BBT is a 6 x 6 symmetric matrix.
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In deveioping [K], we hava inciuded terms to first order in dv/3x and 3v'/dx’, thus
creating a noniinear eiement that ailows for modereta rotations of segments 1-2 and 2-3.
Tha eiement is used in an iterative procedura to ceicuiate tha dispiacements and stresses.
The soiution is begun by setting 3v/dx = av'/ax’ = 0 and easembiing tha resuiting aiement
stiffness matrix, aiong with other ciement stiffness matrices, into a globai stiffness matrix,
and solving for the displacements. These new displacements, v;, vi, vy, u;, and u,,
are used to calculate dv/dx and av'/dx’, which are then used to update the stiffness matrix.
The stiffness matrix, in turn, is assembled with other elements into a giobal stiffness matrix
and solved again for tho dispiacements. The process is continued until suitable convergence
is achieved,

4.2 Experimental Verification of the Fabric Slippage Element

In this section, we discuss a numbe: of the laboratory tests employed to confirm
the computer predictions, using the slippage eiement described in Section 4.1. A number
of the assumptions used in developing the element are also examined.

4.2.1 Friction at the Fabric-Frame Interface

One of the assumptions we made in the development ¢¢ the slippage eiement in
Section 4.1 was that there was negligible friction between the fabric and the frame member
at Node 2 (see Figure 4.1). The apparatus shown in Figure 4.2 was used to test this
assumption. A strip of 89-gr/m? (2.6-0z/yd?) typewriter ribbon cloth, 10 ¢cm (4 in.)
wide and approximately 61 cm (2 ft) long, was passed over two beams, one rigid, vne
flexible. The rigid beam, shown in Figure 4.2, was originally a 25-mm-square aluminum
beam machined so that the area where the fabric touched the beam was only 6 mm
square, the dimension of the frame members in the slant-roof scale-model tent. A flexible
beam was simulated by using the jig for obtaining the joint efficiency method with the
slant-roof frame test specimen. One end of the fabric was held rigid; a load was applied
to the oiher end. Clamps similar to those described in Reference 1 were used to distribute
the load uniformly over the width of the fabric. Fabric stress gauges were installed at
two locations on the fabric (positions No. 1 and No. 2, Figure 4.2).

if the interaction between the fabric and the beam were indeed frictionless as
postulated, the stresses at positions No. 1 and No. 2 would be identical. Figure 4.3
shows the results of a test program presented in terms of a ratio at the stresses at both
positions as a function of the applied load for both the rigid and the flexible beam. Note
that the ratio should be 1 for the frictionless case.
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In the case of the rigid beam, the ratio is considerably different from 1 for both
increasing and decreasing load. For increasing load, the stress at location No. 1 is less
than that at location No. 2, clearly showing the effects of friction; i.e., friction at the
beam-fabric interface takes up some of the load. For decreasing load, friction at the
beam-fabric interface results in a higher stress at location No. 1 than would exist if stresses
were freely transmitted around the beam; i.e., as the load is »educed, friction inhibits
the relaxation of the fabric stresses.

The flexihle beam shows essentially the same character, except that at higher loads,
when the load is increasing, friction seems to have less of an effect. In fact, for loads
greater than 5 N, the discrepancy between location No. 1 and location No. 2 is less than
15%. Somehow, the flexibility of the beam Jdecreases the effects of friction. For decreasing
load, however, the effects of friction are more pronounced, probably because the deflection
in the beam is relieved as the load is decreased, resulting in a stretching of the fabric
at location No. 1. Fortunately, our studies are concerned solely with the increasing load
case, and the results shown in Figure 4.3 are encouraging.

4.2.2 |Laboratory Test of the 1-D String Element

Figure 4.4a shows a simple lab test devised to check out the predictive capabilities
of the 1-D string slippage element. The same 10-cm-wide strip of typewriter ribbon cloth
used previously is stretched over the beam specimen used to measure the joint efficiency
of the joints in the slant-roof tent (Section 2.3). The fabric is held rigid at both ends,
and a line load (a weight applied to a rigid beam spanning the width of the fabric) is
applied to the fabric. The fabric is slack, so that in the initial unloaded state there is
an initial vertical deflection of 4.6 cm at the Inad point. The tabric stress gauge is attached
as shown.

Fibure 4.4b shows the arrangement of the finite-element computer model. Nodes
6-1-2* and 2-3-4 define two string slippage elements and Nodes 5-3 define a beam element
(symmetry has been used to simplify the model). The computer code requires a fabric
modulus relating fabric tension per unit width to fabric strain. For the test described
here, the fabric is stretched uniaxially in the fill direction. In Reference 1, equations
relating biaxial fabric tension and straiin were d=reloped for the fabric. For uniaxial tension,
the equations relating fill tension per unit ‘vidth, Tg, to fill strain, eg, reduce to

*In fact, the fabric is rigidly attached at Node 1. A string slippage element is simply
used for convenience. Since the distance from 1 to 6 is short (0.6 cm), any errors
introduced by slippage over Node 1 will be small.
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Using this fabric stress-strain relationship with the string slippage elements in the
finite-element model of Figure 4.4b, we obtain the predictions shown in Figure 4.5.
Displacements of Node 2 in the Y-direction and the tension per unit width in the fabric*® E
vs the locd applied at Node 2, are shown as well as measurements of deflection and stress

in the laboratory model.

The stress measurements agree very well with our predictions. Deflection ]
measurerents agree quite well with our predictions at the higher loads, but at lower loads
(< 4 N) the predictions are higher than measurements. This result is probably produced '
by inaccuracies in the fabric constitutive relation model at low fabric tensions,t as well
as by the fact that at low fabric tensions the fabric-frame interaction is not completely
friction-free (see Section 4.2.1). The deflection of the beam at its center was measured
with a dial gauge, but the deflections at maximum load were less than 0.2 mm;
consequently, we judge that the gauge accuracy is poor. These deflections, however, are
consistent with computer code predictions of beam deflections at maximum load of :
0.22 mm in the Y-direction and 0.18 mm in the X-direction.

These results are very enrouraging. The very simple friction-free model of fabric
slippage has been shown to be capable of predicting fabric stress and deflection with
acceptable accuracy, even when the fabric interacts with a flexible frame structure. Our
corniclusion is that these results make the extension to a two-dimensional fabric slippage
element appear to be a feasible, and indeed desireable, next step.

5. RECOMMENDATIONS FOR FURTHER WORK

This report presents the most recent developments ia the evolution of the computer
code NONFESA. Although the code, in its present state, requires additional cevelopment
before it can be used for its ultimate purpose ~ design and analysis of frame-supported
tents — we are close to this goal.

e

*The tension is constant along the length of the strip.

TWo have taken no fabric stress-strain measurements below tension of 0.85 N/cm.
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In this section, we discuss our reccmmendations for work needed in four areas to
develop and test new capabilities, which will culminate in the comparison of code
predictions with the stresses and deflectios mnasured on a full-scale frame-supported tent
under a deadweight load. Areas in which work is needed inciude:

two-dimensional slippage element

friction correction

scale-model testing

full-scale testing.
Two-Dimensional Slippage Element

With some success, we have developed and tested a one-dimensional string element
capable of dealing with slippage over flexible frame elements. But before we can model
real tents, a two-dimeniionalal element with similar slippage capability must be developed
to model the tent fabric. However, it does appear feasible to develop a quadrilateral
element with be a relatively simple extension of the string element presented here. The
capabilities of the element should then be checked in a manner analogous to the testing
of the string element in section 4.2.

Friction Correction

We have discussed (Section 4.2) how friction, under some circumstances, can have
a significant effect on the stresses and deflections on a fabric-frame system when sliding
occurs. A useful project would be development of a membrane finite element with sliding
capabilities to which an empiriclly derived friction correction could be added, somewhat
like a nonlinear joint efficiency. This work would require laboratory testing of the friction
that occurs when fabric slides over frame members in order to determine the appropriate
parametric dependence of the friction force, i.e., the variance with load, the angle the
fabric makes with itself, etc. The two-dimensional slippage element could then be extended
to include friction effects. These results would provide a refinement of the friction-free
fabric-frame model.

Scale-Model Testing
Once the two-dimensicnal fabric slippage element is developed, all of the new elements

of the code should be combined, and thr code predictions should be compared with
measurements on modified versions of the two scale-model tents described in Reference 1.
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Figure 5.1 shows a possible configuration for the slant-roof tent. This model differs from
the eariier scale model in that the fabric is stretched over the frame and held in place ]
with guylines rather than being directly attached to the frame. The same scale-model

frames would be used, unmodified. This testing program could be used to validete the .
slippage, joint efficiency, and guyline modeling cafabilities of the code; it would also il
provide scale-model data for predicting full-scale iesults.

Full-Scale Testing -

After successful completion of the testing outlined above, we should consider testing
the computer code predictions against measurements on a full-scale teat. Prior to exercising
the code, the following information will be required:

bt i

sl oy

biaxial stress/strain properties of the tent fabric
detailed frame and fabric geometries
frame joint efficiencies

guyline mechznical properties

e S i KR 47

guyline pre-tension.

Most of this information has already been obtained in the Iaboraitory for the i
scale-mode! tents and therefore should present no special difficulties.

Before full-scale tents are measured, however, some effort must by made to develop
means for:

measuring tent and frame deflections
measuring fabric stresses by modifying the existing fabric stress gauges
loading the tent with a uniform deadweight load.

Deflection measurements can be made with dial gauges, micrometer calipers, etc.
Stress measurements on the heavy tent fabric can be made with a stiffer version of the
existing fabric stress gauge. As for tent loading, something «s simple as sandbags could
be used, although some means must be developed for applying the shear load (the load

in the plane of the fabric) to the fabric. Velcro strips might prove useful.

Once these tasks, particularly the full-scale testing, are completed successfully, the
computer code NONFESA will be a viable tool .or aiding in the design of frame-supported

tents.
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FIG. §.1. SCALE-MODEL TENT TEST CONFIGURATION.
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